Energy is essential for human beings and activities. Renewable resources can be considered a challenge to provide energy for future mankind. However, technological improvements are needed as well as tools to support decisions about the mix of energies to adopt and their integration in the electrical network. In this work, a distributed energy production and storage system (involving technologies to use energy from sun, wind and biomass) is formalized. A general optimal control problem to select the energy flows to be sent to the different storages and demands from the production plants is also defined. The dynamic model is tested with Savona Province (Italy) data.
INTRODUCTION
Energy is necessary to supply the exigencies of a growing human population. New dominant sources without greenhouse emission are needed in order to reconcile the huge energy demand with an acceptable climatic impact due to the induced earth's warming up (Rubbia, 2006) . Fossil fuels, the main source of energy, are inflicting enormous impacts on the environment. Renewable resources can be considered as a challenge to provide energy for future mankind, as they have enormous potential and can meet many times the present world energy demand (Asif and Muneer, 2007) . However, technological improvements are needed as well as solutions to overcome the intermittent characteristics of most renewable resources, and the financial barriers. Worldwide, there is a strong interest on smart grids. The basic structure of the electrical power grid has remained unchanged for a hundred years. It is a hierarchical, centrallycontrolled structure that assumes that power is generated solely from large central facilities. Alternative sources of energy from renewable resources, such as wind and solar, are available, but are often distributed, intermittent, and thus, difficult to control. Specifically, four key areas can be faced to solve problems related to smart grids: robustness, design, control, and regulation. The aim of this work is to take into account a decentralized, already sized, grid, and to define an innovative decision model for the operation optimization in real time, taking into account a mix of renewable resources and a fossil fuel plant distributed over the territory that has to satisfy energy demands in different locations. The decision related to which mix of energies has to be used in a certain territory involves many conflicting criteria. For this reason, in the literature, different multicriteria approaches for planning purposes have been proposed (Loken, 2007; Pohecar and Ramachandran, 2004) . However, more flexible and integrated tools that couple environmental and decision models, databases and assessment tools, are still necessary to implement Environmental Decision Support Systems. Moreover, few works are present in the literature as regards the management and control of a mix of renewable resources both for microgrid and for distributed energy systems. Tsikalakis and Hatziargyriou (2008) focus attention on the functionalities of the microgrid central controller, with the aim of interacting with a real-time market following different policies. Lin and Lin (2008) propose a distributed algorithm to solve the distributed optimal power flow problem by use of discrete control variables. Zhao and Davison (2009) investigate optimal control strategies for the operator of a hydroelectric facility exposed to a water inflow and having a limited pump-storage capability. The authors analyse the influence of information and in particular the way in which the optimal control strategy depends on the water inflow. In this work, the system is modelled as a network supporting energy flows, in which there are nodes of origin (availability of resources/production plants), intermediate nodes (i.e., inventories or storages), and destination nodes (i.e., where energy demands to be satisfied are located). The system involves a mix of renewable energies but also a fossil fuel plant (whose energy production is however not encouraged, by the choice of the objective function) and is grid connected. The aim of the dynamic optimization problem is that of managing in real time the energy flows minimizing the overall economic cost, but satisfying the energy demands (along with other constraints). The objective function is also structured in order to minimize the CO 2 emissions costs (considering a unitary cost related to carbon credits).
THE SYSTEM MODEL
Consider a territory in which different plant typologies are already installed and sized to satisfy demands in different parts of the territory. Each plant is connected to the grid and may, in principle, be used to satisfy all demands. Moreover, there are different storage technologies for energy and available resources. Fig. 1 reports the overall system configuration. Four typologies of generation plants are modelled: photovoltaic (P or PV), wind park (W), biomass co-generation plant (B), and a coal power plant (C). Specifically, there are three different kinds of demands to satisfy: electricity for residential areas and industries, electricity for transportation uses, and thermal energy for heating. Different locations are identified for each kind of demand. Each wind park and each photovoltaic plant produces electricity and has a dedicated storage. Produced electrical energy can be sent to the dedicated storage, to the net, or to the different demands in the different locations. Plants that use biomass have a dedicated storage for the wood that is used to produce energy and a dedicated agro-forest territory from which they can take the resource. These are cogeneration plants that can produce both heating and electricity. It is important to note that the time scales of biomass operations are different from those related to energy dispatching. This is considered in the present work. Finally, fossil fuels plants are also included in the system to produce electrical energy. For the sake of simplicity, in this paper, only one plant for each typology (wind turbine, PV, coal combustion plant, biomass) has been taken into account. Moreover, the thermal energy is assumed to be provided only by the considered biomass plant. Fig. 1 . The overall system model.
The system model parameter
Let j, j=1,…,J be the indexes corresponding to the locations in which an electrical (civil/industrial) demand is present, h, h=1,…,H the indexes corresponding to the locations in which an electrical demand for transportation is present, i=1,…,I the locations in which biomass is present, and t=0,…T-1 the time intervals. The following definitions are necessary before describing the overall system: 
Energy from biomass
Energy from biomass is produced by a co-generation plant that takes material from a storage system. Biomass can be collected from different areas and transported to the storage. The plant owner can decide the fraction of electrical/thermal energy to be produced. The time scale in which operations for biomass (i.e., transportation, treatment and storage from collection points) can be performed is longer than the activities related to the management of energy flows. However, it is supposed that some biomass arrivals are already scheduled over the considered optimization interval t=0,…,T. This means that a sequence of arrivals (to the storage area) of biomass of kind i (each biomass kind has specific morphological and energetic features),
,…,I, t=0,…,T-1, is pre-specified. This may be obtained from the solution of a higher-level decision problem (Frombo et al., 2009 ), aiming at the optimal biomass exploitation for energy production. The system is represented in Fig. 2 . Sb , , has an evolution given by
Esb , is the biomass of kind i that is sent to feed the plant in time interval (t, t+1). Note the sum over i of
Esb , is a known quantity, as it is assumed that the plant always works at its maximum capacity. Finally, in order to represent the energetic value of the biomass, it is necessary to have a model for the evolution of the biomass humidity in the storage (the humidity decreases over time). That is, kind i when it arrives at the storage; this is assumed to be constant over time; t i f , is a coefficient defining the decay of humidity of biomass i; t  is the time discretized interval.
Energy from PV and the wind park
The available photovoltaic energy in time interval (t, t+1), t Ep , is calculated on the basis of forecasts of solar irradiation through a simple equation (Hocaoglu et al., 2009 Swt , is energy from wind storage that is used to satisfy electrical demand for transport in location h.
Energy from fossil fuels
The fossil fuel generation plant is simply modelled as an upper bound of plant capacity that can be used to satisfy energy demands. Since the objective function is related to carbon emissions, this fraction of energy should be zero if the renewable energy plants are able to satisfy the demands. 
THE OPTIMIZATION PROBLEM

The state variables
The control variables
The following control variables have been defined: Esb , : biomass of kind i that is taken from biomass storage.
The objective function
The objective function (to be minimized) takes into account the following costs: distribution costs dis C , management storage costs m C , CO 2 emission costs GHG C for reducing greenhouse gas emission on the basis of carbon credits. Thus, the following minimization has to be sought
Distribution costs are proportional to energy flows that are sent through a specific grid connection multiplied by a unit cost related to energy transportation. That is, Finally, there are costs related to GHG emissions, in the case the level assigned to CO 2 emissions is overcome. Specifically, it is supposed that a central decision maker that owns all the plants want to substitute the energy production from fossil fuels with renewable energies. Thus, the CO 2 emissions in each time interval are given by the CO 2 contribution given from the energy produced by the fossil fuel plant. The cost is calculated with respect to the number of credits that have to be bought by the decision maker. For the sake of simplicity, in this work, it has been considered that all produced CO 2 emissions should be balanced by the acquisition of carbon credits. That is,
Then, storage systems have a specific size that has to be respected. That is,
Finally, the grid can sustain only a limited amount of power. In this version of the paper, it is supposed that:  electrical energy from wind and PV after the storage, and biomass flow through the same net has a certain capacity CAP1;  for a certain tract, electricity that is sent to the same demand flows through the same net has a certain capacity CAP2;  the other flows have separated sub-nets.
These assumptions imply the following equations:
APPLICATION TO A CASE STUDY
The decision model has been tested for an area characterized by 3 sites for electrical demand, 2 locations of electrical demand for transport, 2 wind parks in the same location, one biomass plant and one coal plant. The optimization horizon is one week and the time interval 1 hour. Data for available resources have been collected for the Savona Province. The available energy from wind turbines and PV plants is reported in Fig. 3 . For clarity in data presentation, the available energies are reported for the first 72 hours. The optimization problem is non linear due to the formulation of state equation (2). An optimization package (Lingo 9) is used to derive the optimal solution. This equation has been introduced to quantify the variation over time of wood humidity in the inventory. Since the optimization horizon of the case study is one week, the humidity variation can be neglected or, in case a receding-horizon control scheme is applied, calculated at each iteration, without loosening the meaningfulness of the results. In the following, the optimization model has been tested and results analyzed in the case humidity variation is taken into account or not, and in the case the variation of some information (i.e., energy demand) occurs. Specifically, it is firstly assumed that humidity remains constant over the time horizon. This means that state equation (2) is not taken into account. The decision problem is a linear programming one and global optimal solution can be found in less than one second. The objective function is equal to 5755261. This allows using the developed model for real time optimization, also in the case of lower time intervals. Fig. 5 reports the optimal results and in particular the overall amount of electrical energy provided by the fossil fuel plant. These results strongly depend on the very high demand. In such a case many additional plants from renewable resources should be built. Then, the electrical demand has been reduced of a factor of 100 (this means to reduce the number of residential units). The objective function is 142115.3 and the energy provided from fossil fuels is variable over time, varying from zero to about 645 kWh during the week. The energy provided from fossil fuels is thus comparable with the one that can be produced by renewable energy. Specifically, substituting the previous biomass plant of 1 MW with one of 5 MW that is for example sustainable for Val Bormida (Frombo et al., 2009 ), all demands are satisfied in each time interval by renewable resources.
Finally, equation (2) has been taken into account to study the complexity of the solution. The problem is non linear and the local optimum is found after 9 seconds. The objective function is equal to 5755308, with an energy demand reported in Fig. 4 . Unfortunately, in this case, since the problem is non linear, the solution found may not be the global optimum. For this reason, the optimization problem from different points and the same solution has been obtained. Fig. 7 reports the optimal results for the renewable energies in this case. Finally, the electrical demand has been reduced of a factor of 100. The objective function is equal to 142163.1, and the energy provided from fossil fuels is variable over time, varying from zero to about 645 kWh during the week.
CONCLUSIONS
In this paper, an optimal control problem for distributed energy production is formalized and solved. The model could be used for the real time management of the overall network. Energy flows over the grid have been calculated on the basis of simple energy balances that do not take into account more specific electrical characteristics such as active/reactive power relations, energy losses due to the specific grid configurations, etc. Future developments will surely regard a more detailed representation of the load flow calculations. Depending on the complexity of the overall resulting decision problem, these could be embedded directly in the optimization problem or used as an external simulation tool to iteratively interact with the optimization tool. Then, it is important to note that, in operational management of energy flows, great importance is given to the forecasting of demands, pricing and resource availability. Wind is often considered as one of the most difficult meteorological parameters to forecast. Sfetsos (2000) presents a comparison of various forecasting approaches, using time series analysis, on mean hourly wind speed data. The analysis suggests that the non-linear models are able to understand better the characteristics of this particular time series compared to the linear autoregressive and ARMA models. Chen et al. (2010) propose a stochastic optimization algorithm that aims to minimize the expectation of the system power losses by controlling wind turbine power factors. The stochastic model is developed on the basis of a limited autoregressive integrated moving average (LARIMA) model by introducing a cross-correlation structure to the LARIMA model. Future developments of this work will regard the formalization of a stochastic decision problem that uses black box models to take into account errors between predicted values and collected data, and the stochastic characteristics of prices and demands.
